In Methanothermobacter thermautotrophicus, oxaloacetate synthesis is a major and essential CO 2 -fixation reaction. This methanogenic archaeon possesses two oxaloacetate-synthesizing enzymes, pyruvate carboxylase and phosphoenolpyruvate carboxylase. The phosphoenolpyruvate carboxylase from this organism was purified to homogeneity. The subunit size of this homotetrameric protein was 55 kDa, which is about half that of all known bacterial and eukaryotic phosphoenolpyruvate carboxylases (PPCs). The NH 2 -terminal sequence identified this enzyme as the product of MTH943, an open reading frame with no assigned function in the genome sequence. A BLAST search did not show an obvious sequence similarity between MTH943 and known PPCs, which are generally well conserved. This is the first report of a new type of phosphoenolpyruvate carboxylase that we call PpcA ("A" for "archaeal"). Homologs to PpcA were present in most archaeal genomic sequences, but only in three bacterial (Clostridium perfringens, Oenococcus oeni, and Leuconostoc mesenteroides) and no eukaryotic genomes. PpcA was the only recognizable oxaloacetate-producing enzyme in Methanopyrus kandleri, a hydrothermal vent organism. Each PpcA-containing organism lacked a PPC homolog. The activity of M. thermautotrophicus PpcA was not influenced by acetyl coenzyme A and was about 50 times less sensitive to aspartate than the Escherichia coli PPC. The catalytic core (including His 138 , Arg 587 , and Gly 883 ) of the E. coli PPC was partly conserved in PpcA, but three of four aspartate-binding residues (Lys 773 , Arg 832 , and Asn 881 ) were not. PPCs probably evolved from PpcA through a process that added allosteric sites to the enzyme. The reverse is also equally possible.
The synthesis of oxaloacetate (OAA) is a major and essential CO 2 -fixation reaction in the methanarchaea (10, 11, 15, 16, 50, 52, 58, 60) . These organisms possess an incomplete tricarboxylic acid (TCA) cycle which is used to generate intermediates (OAA and ␣-ketoglutarate [␣-KG]) and a carrier (succinate) for the biosynthesis of amino acids and tetrapyrroles (10, 11, 15, 16, 50, 52, 58, 60) . The organisms belonging to the orders of Methanococcales, Methanobacteriales, and Methanomicrobiales, which primarily use hydrogen as an energy source (2) , employ a reductive sequence starting at OAA and terminating at ␣-KG (10, 11, 15, 16, 50, 52, 60) .
Methanosarcina species, which predominantly depend on acetotrophic or methylotrophic methanogenesis for energy generation (2) , use an oxidative branch of the TCA cycle that initiates with OAA and acetate and terminates at ␣-KG (52, 58) . Hence, OAA synthesis is a central anabolic process in methanarchaea. Thus far, pyruvate carboxylase (PYC) (39, 41, 42, 50) and phosphoenolpyruvate carboxylase (PPC) (14, 31, 47, 60) have been found to be capable of fulfilling this requirement, as follows:
OAA ϩ P i PYC is ubiquitous in the methanogens (39, 41, 42, 50) , and the primary structure, kinetic characteristics, and expression patterns of the methanogen PYCs have been investigated (39, 41, 42, 50) . Methanothermobacter thermautotrophicus (formerly known as Methanobacterium thermoautotrophicum strain ⌬H) (2, 57, 61) and Methanothermus sociabilis also possess phosphoenolpyruvate carboxylase (14, 31, 47, 60) , but very little of such information is available on these enzymes. Although the Methanothermus sociabilis PPC was purified to homogeneity, the primary structure and the encoding gene of this protein were not identified (31, 47) . A search of the genome databases with the amino acid sequences of known PPCs as queries did not detect a homolog of this enzyme in the archaea, even though such homologs were readily found in bacteria and eukaryotes. For these reasons and the probability that the methanarchaeal PPCs have a novel structure, we purified the enzyme from M. thermautotrophicus. Our results show that the PPC from M. thermautotrophicus has a novel structure and that most archaea possess a homolog of this enzyme.
MATERIALS AND METHODS
Purification of phosphoenolpyruvate carboxylase from M. thermautotrophicus. The enzyme purification was carried out aerobically at 4°C. Frozen pellets (87 g) of autotrophically grown M. thermautotrophicus (42) were thawed and suspended in 90 ml of lysis solution (100 mM Tris-HCl [pH 8 .0], 10 mM MgCl 2 , 20% glycerol, 1 mM dithiothreitol). The cells in this suspension were lysed as described previously (42) . The resulting slurry was clarified by three centrifugation steps, the first of which was performed at 15,000 ϫ g for 20 min, with the other two performed at 100,000 ϫ g for 60 and 30 min. The supernatant from the final ultracentrifugation step was fractionated by two consecutive ammonium sulfate precipitation steps. First, the solution was brought to 30% saturation and then the pellet was recovered by centrifugation at 15,000 ϫ g for 30 min and dissolved in 100 ml of buffer A (50 mM Tris-HCl [pH 7.5] in 20% glycerol). The supernatant was then brought to 60% saturation and the pellet was recovered as described above. The percent saturation values were for a temperature of 0°C.
After resuspension, the pellet from the 30% ammonium sulfate saturation was fractionated by anion-exchange chromatography on a 45-ml bed of DEAESephadex A-25 (particle size, 40 to 120 m; Amersham Biosciences Corp., Piscataway, N.J.) in a 1.5-by 30-cm Econo-column (Bio-Rad Laboratories, Richmond, Calif.). After equilibration of the bed with buffer A, the sample was loaded. The column was then washed with two column bed volumes of buffer A and eluted with a 200-ml linear gradient of 0 to 1 M NaCl in buffer A. The flow rates were 300 ml h Ϫ1 for packing and equilibration and 100 ml h Ϫ1 for all subsequent steps. The active fractions eluted at about 0.5 M NaCl, and these were pooled and concentrated on an Amicon YM-100 filter (100-kDa cutoff; Amicon, Beverly, Mass.). The retentate was desalted by dilution with buffer B (10 mM potassium phosphate buffer [pH 6.8], 20% glycerol) and further filtration. The desalted enzyme preparation was diluted with 20 ml of buffer B and fractionated by hydroxyapatite chromatography. For this purpose, a 0.75-by 15-cm column packed with Bio-Gel HTP (Bio-Rad Laboratories) to a bed volume of 4.6 ml was used. After the column bed was equilibrated with buffer B, the desalted enzyme preparation was loaded. The column was then washed with two column bed volumes of buffer B and eluted with a 25-ml gradient of 10 to 400 mM potassium phosphate buffer (pH 6.8) in 20% glycerol. The flow rates were 11 ml h Ϫ1 for packing and equilibration and 10 ml h Ϫ1 for all subsequent steps. The active fractions eluted at about 200 mM potassium phosphate buffer and were pooled.
Solid (NH 4 ) 2 SO 4 was added to a final concentration of 1 M to the pooled fractions, and the resulting preparation was fractionated by octyl Sepharose chromatography, for which a 0.75-by 25-cm column packed with octyl Sepharose CL-4B (particle size, 40 to 190 m; Amersham Biosciences Corp.) to a bed volume of 8 ml was used. The column bed was equilibrated with 1 M ammonium sulfate in buffer C (25 mM Tris-HCl [pH 7.0], 20% glycerol). After loading of the active fractions from the hydroxyapatite chromatography step, the column was washed with two column bed volumes each of 1 and 0.7 M ammonium sulfate in buffer C and then eluted with a 40-ml reversed gradient of 0.7 to 0 M ammonium sulfate in buffer C. The flow rates were 70 ml h Ϫ1 for packing and equilibration and 50 ml h Ϫ1 for all subsequent steps. The phosphoenolpyruvate carboxylase activity was eluted at about 200 mM ammonium sulfate, and the active fractions were pooled.
Assays and data analysis. The protein was assayed according to the Bradford method (3), using Pierce dye reagent (Pierce Biotechnology, Inc., Rockford, Ill.) and a bovine serum albumin standard. Phosphoenolpyruvate carboxylase activity was determined by coupling the reaction with malate dehydrogenase (MDH) and monitoring the oxidation of NADH spectrophotometrically at 340 nm (55) . Unless otherwise mentioned, the assay was conducted aerobically at 50°C with a reaction mixture of the following composition: 50 mM Tris-HCl (pH 8.0), 0.2 mM NADH ϩ H ϩ , 5 mM KHCO 3 , 2.5 mM phosphoenolpyruvate (PEP), 5 mM MgCl 2 , and 1 U of thermophilic MDH from Thermus flavus (Sigma, St. Louis, Mo.) per ml. In the amount used, MDH did not limit the reaction rate in any assay. In most cases, the reaction was initiated by the addition of PPC. The assays that were performed to monitor the recoveries during the enzyme purification were initiated with PEP. To avoid interference from NADH oxidase activities, we performed assays with cell extracts and preparations from the ammonium sulfate precipitations anaerobically (38) ; other preparations were free of NADH oxidase activity. All pH values reported here were determined at 25°C. The initial velocity data were analyzed with the KinetAsyst program, version 1.01 (Intellikinetics, State College, Pa.).
Gel electrophoresis, determination of NH 2 -terminal sequence, and gel filtration chromatography. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a slab gel according to the method of Laemmli (33) . The NH 2 -terminal sequence was determined via automated Edman degradation in which a membrane blot of a denatured sample of the purified protein was processed (40) . This experiment was performed by use of a Procise 494 HT sequencer (Applied Biosystems, Foster City, Calif.) in pulse-liquid mode at the Protein Sciences Facility, Biotechnology Center, University of Illinois, Urbana-Champaign. The analysis was done for 10 cycles. For gel filtration analysis, a HiPrep 16/60 Sephacryl S-300 HR column (bed volume, 120 ml) and a fast protein liquid chromatography system (Amersham Pharmacia Biotech, Inc.) were used. The development was isocratic, at a flow rate of 30 ml h Ϫ1 , with a mobile phase of 50 mM sodium phosphate buffer (pH 7.2) containing 150 mM NaCl. For calibration of the column, the following molecular size standards (Bio-Rad Laboratories) were employed (mass, Stokes radius) (40): bovine thyroglobulin (670 kDa, 85 Å ), bovine gammaglobulin (158 kDa, 52.5 Å ), chicken ovalbumin (44 kDa, 30.5 Å ), horse myoglobin (17 kDa, 19 Å ), and vitamin B 12 (1.357 kDa). For each application, a 0.5-ml solution containing these components, in the amounts of 2.5, 2.5, 2.5, 1.25, and 0.25 mg, respectively, was used. The phosphoenolpyruvate carboxylase sample analyzed was a partially purified preparation. It was obtained by precipitating proteins from a cell extract with ammonium sulfate to 60% saturation as described above and resuspending the resulting pellet in 50 mM Tris-HCl (pH 7.5) containing 20% glycerol. A 0.5-ml aliquot of this preparation containing 21.7 mg of protein was analyzed. The enzyme peak in the elution profile was identified by assaying the column fractions for activity.
Amino acid sequence alignment and phylogenetic inference. Amino acid sequences were aligned automatically with the ClustalW program (version 1.82) (56) and then were analyzed by protein maximum likelihood methods with the ProML program (PHYLIP, version 3.6a2.1) (12) using the JTT amino acid substitution model. Bootstrap proportions were calculated with the Seqboot, ProML, and Consense programs from the PHYLIP package. A similar phylogenetic tree was inferred by the neighbor-joining method with the Protdist and Neighbor programs (12) .
RESULTS
Purification of phosphoenolpyruvate carboxylase from M. thermautotrophicus. The enzyme from M. thermautotrophicus was purified to homogeneity as described in Table 1 . In the ammonium sulfate precipitation step, the 30% saturation pellet retained approximately 60% of the total recovered activity and the 60% saturation pellet had the remaining activity. Starting with the 30% ammonium sulfate saturation pellet, some purification experiments yielded homogeneous fractionations. Such homogeneous preparations were rare, and only a limited amount of the enzyme was available for characterization. It was also not possible to obtain a homogeneous preparation by fractionation of the 60% ammonium sulfate saturation pellet.
Molecular and catalytic properties of phosphoenolpyruvate carboxylase. Based on SDS-PAGE data, we concluded that the purified enzyme consisted of only one type of polypeptide, with an apparent molecular mass of 50 kDa (Fig. 1) . Due to the difficulty in obtaining an adequate amount of purified enzyme, we estimated the native molecular mass by using a partially purified preparation. From the gel filtration chromatography data, the Stokes radius and apparent native molecular mass were estimated to be 61.8 Å and 277 kDa, respectively. Therefore, the enzyme was homotetrameric. The NH 2 -terminal amino acid sequence for the polypeptide was MKVPRXM-STQ, where "X" was an unidentified residue. In the range of 25 to 70°C, the enzyme exhibited maximum specific activity at 62°C. From the linear segment (between 25 and 62°C) of the corresponding Arrhenius plot, the activation energy for OAA formation was calculated to be 53.8 kJ mol Ϫ1 . The loss of HCO 3 Ϫ at lower pH values did not allow for an accurate determination of the optimum pH. The apparent pH optimum for the enzyme was 6.8, and the activities at pHs 6.3 and 7.2 were 5 and 92% of the maximum value, respectively. The activity was also highly inhibited by either NaCl or KCl (0.05 to 1.0 M). At a concentration of 0.25 M, each of these salts inhibited the enzyme by 60%; at 0.1 M, the inhibition was 27%.
Mg 2ϩ was required for activity and was not significantly inhibitory at concentrations up to 50 mM when the PEP concentration in the assay was 5 mM. The responses of the initial velocity to the variation in KHCO 3 concentration in the 0.1 to 10 mM range when the PEP concentration in the assays was held constant at 5 mM followed the Henri-Michaelis-Menten equation well, and from a fit of the velocity data to this equation, the apparent K m value for KHCO 3 was determined to be 1.8 Ϯ 0.2 mM. A similar response was observed with 0.025 to 3.5 mM PEP when the KHCO 3 concentration was fixed at 10 mM, and the K m value for PEP was 0.46 Ϯ 0.03 mM. At PEP, KHCO 3 , and Mg 2ϩ concentrations of 2.5, 5, and 5 mM, respectively, the specific activity of the homogenous enzyme was 260 U mg Ϫ1 . The effects of several potential modulators on enzyme activity were examined under standard assay conditions, except that the PEP and KHCO 3 concentrations were 5 and 20 mM, respectively. Acetyl-CoA at the concentrations of 0.2 and 2 mM neither stimulated nor inhibited the activity of the enzyme. At a concentration of 10 mM, ATP, ADP, AMP, GTP, and aspartate reduced the activity by 92, 57, 16, 58, and 41%, respectively; the activity observed in the absence of any one of these compounds was taken as 100%. If the concentration of Mg 2ϩ was increased to 15 mM, ATP, ADP, AMP, or GTP (each at a level of 10 mM) reduced the activity of the enzyme by 65, 46, 12, and 15%, respectively. The inhibition by aspartate was not influenced by such an increase in the Mg 2ϩ level. At a concentration of 10 mM, glutamate and ␣-KG did not inhibit the enzyme significantly.
Phosphoenolpyruvate carboxylase gene of M. thermautotrophicus. The NH 2 -terminal sequence of the purified enzyme was identical to residues 40 to 49 of MTH943, an ORF with no assigned function in the M. thermautotrophicus genome sequence (54) . We named this ORF ppcA ("A" for "archaeal"). An analysis with the SignalP program (http://www.cbs.dtu.dk/ services/SignalP/) (44) did not identify the first 39 residues of MTH943 as a potential signal sequence. The codon for the 40th residue (ATG) was preceded by a potential ribosomebinding site (GGAGTG, 7 to 12 bp upstream of ATG), but a recognizable ribosome-binding site was not apparent near the previously described start site for MTH943 (54) . Therefore, we propose that the ATG codon for the Met residue at the 40th position of this ORF is the actual initiation codon for the ppcA gene. With this change, the calculated subunit molecular mass for the protein would be 55,042 Da, which was close to the experimentally determined value of 50 kDa (Fig. 1) .
A BLAST search (1) with the amino acid sequence for a known PPC did not identify MTH943 as a PPC homolog. In contrast, bacterial and plant PPCs are readily identified through these searches. A pairwise comparison at the Pôle Bio-InformatiqueLyonnais site on the World Wide Web showed that PpcA had very little sequence similarity to the maize and E. coli PPCs (17, 22) and provided the following values (percentages of identity and percentages of strong similarity): for maize PPC and E. coli PPC, 38.45 and 21.44%; for E. coli PPC and PpcA, 12.12 and 12%; and for maize PPC and PpcA, 9.78 and 12.26%. PpcA is composed of 483 amino acid residues, whereas the E. coli and maize PPC polypeptides contain 883 and 970 residues, respectively (17, 22) .
Distribution of archaeal phosphoenolpyruvate carboxylase homologs in other organisms. Interestingly, PpcA homologs were present in most archaea for which whole genome sequences are available ( None of these bacterial homologs have been assigned a function. A primary structure alignment indicated that the PpcA homologs were highly similar to each other (Fig. 2) . A phylogenetic analysis clearly supported this relationship and did not reveal specific groupings within the PpcAs. The same analysis showed that the previously described PPCs have no discernible evolutionary relationships to the archaeal enzymes.
Comparison of primary structures of M. thermautotrophicus PpcA and PPCs. As mentioned above, a BLAST search (1) did not identify MTH943 as a PPC. PSI-and PHI-BLAST searches (1) revealed weak similarities between PpcA and several bacterial PPCs. An analysis with 3D-PSSM, a web-based program for protein fold recognition (http://www.sbg.bio.ic.ac.uk/servers /3dpssm/) (30), revealed the following PPC characteristics (24, 25) in the archaeal enzyme: class, alpha and beta proteins; fold, TIM beta/alpha-barrel; and superfamily, phosphoenolpyruvate/pyruvate domain. These clues, automated alignments (1, 56) , and manual inspections helped us to find certain key PPC features in M. thermautotrophicus PpcA which are presented in Fig. 2 . Figure 3 shows the three-dimensional structure of an Escherichia coli PPC subunit in which the highlighted sections represent two catalytically important sequence elements that were conserved in M. thermautotrophicus PpcA and its homologs.
DISCUSSION
We have purified and characterized the PPC from M. thermautotrophicus to homogeneity and determined that the subunit of this enzyme corresponds to MTH943 (54) , an ORF that has no assigned function and is considered distinctive to the archaea (19) . The molecular mass of the subunit of this enzyme was similar to that of the Methanothermus sociabilis PPC (60 kDa) (47) but was half that for all known bacterial and eukaryotic PPCs (96 to 116 kDa) (25) . Also, the overall amino acid sequence of the M. thermautotrophicus enzyme was very dissimilar to that of the known PPCs. A careful inspection revealed that a few of the essential and characteristic PPC sequence features were partially conserved in the archaeal enzyme ( Fig. 2 and 3) . As described below, these conserved elements represented only a small part of the PPC protein and were located either at or near the catalytic core (24, 25) . Also, the sequence features that allow for allosteric regulation of E. coli and maize PPCs (24, 25) were apparently absent from MTH943. Thus, the M. thermautotrophicus enzyme was clearly distinct from all previously described bacterial and eukaryotic PPCs, and we called this archaeal enzyme PpcA. Similar to the Methanothermus sociabilis PpcA (native mass, 240 kDa) (47) and all PPCs (24, 25) , the M. thermautotrophicus enzyme (277 kDa) was homotetrameric. However, a final conclusion on the quaternary structure of the PpcAs must await an accurate determination of the native molecular mass for these proteins by use of a more appropriate method. The present values were (51) . Shading with color shows sequence identity and a presentation of the residues in color indicates functional conservation, and in both cases the following color codes were used: blue, H, K, and R (basic); green, A, G, C, S, and T (small); gray, I, L, and V (aliphatic); pink, M; red, D and E (acidic); turquoise, P; violet, Q and N (neutral); orange (with or without yellow shading), F, Y, and W (aromatic). Two catalytically important and characteristic features for the E. coli PPC (24, 25) are marked underneath with black bars; these were found to be conserved in the PpcAs (Fig. 3) .
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derived solely from gel filtration data (this work; 47) and therefore are less reliable than values from analytical ultracentrifugation (7) . PPCs are present in all photosynthetic organisms, which include higher plants, green algae, and photosynthetic bacteria (25) . They are also found in most nonphotosynthetic bacteria and protozoa, but not in molds, yeasts, and animals (25) . In all of these organisms, PPC serves an anaplerotic role. The structure of this very widely distributed enzyme is highly conserved across phylogenetic boundaries (24, 25) . Therefore, the observed lack of obvious similarity between the PPCs and M. thermautotrophicus PpcA came as a great surprise. An equally surprising observation was that PPCs were absent from the archaea, whereas PpcA was almost universally present in this domain. Interestingly, outside of the archaeal domain, PpcA homologs were found in only three bacteria, one of which (C. perfringens [51] ) does not possess a PPC; the genome sequence data for the other two (O. oeni and L. mesenteroides) are not complete.
The alignment in Fig. 2 shows that some of the catalytically important sequence features of the bacterial and eukaryotic PPCs were partially conserved in the M. thermautotrophicus enzyme (Fig. 2) . The PPCs possess a unique Gly-Arg loop sequence (GRGGXXGRGG, where XX ϭ TV, SI, or SV) which appears in the E. coli and maize proteins as GRGGSIGR 587 GG (positions 580 to 589) (Fig. 3 ) and GRGGTVGR 647 GG (positions 640 to 649), respectively (24, 25) . Arg 587 of the E. coli PPC and Arg 647 of the maize PPC are PEP-binding-site residues and are essential for catalysis (24, 25) . This Gly-Arg loop forms a lid for the active site and thereby protects the reaction intermediates from attack by water (24) . A sequence element homologous to this loop was present in each PpcA, and in the M. thermautotrophicus enzyme it was 252 GMGSAPFR 259 GN 261 (Fig. 2) . However, the putative Gly-Arg element of the archaeal enzymes had only three Gly and one Arg residue (compared to six conserved Gly and two Arg residues in a PPC) and also contained a Pro and a Phe residue (Fig. 2 ). It will be interesting to study how the Pro and Phe residues affect the function of the Gly-Arg loop. The His 177 residue of the maize PPC directly participates in catalysis (24, 25) and lies within a TXHP element that is fully conserved in all PPCs (residues 135 to 138 in E. coli PPC) ( Fig.  2 and 3) . The PpcA homologs also contained a TXHP sequence which belonged to a larger and fully conserved element, with a consensus of PXXM(M/A/C/S)TQHPD (residues 4 to 13 of the M. thermautotrophicus enzyme) (Fig. 2) (Fig. 2 and 3) . The following sequence elements were found to be conserved in both PPCs and PpcAs (consensus, sequence numbers in M. thermautotrophicus PpcA, and sequence numbers in E. coli PPC): (V/I/L)(A/I)PL(F/V/I)E, 178 to 183, 501 to 506; SDXAX 3 GX 3 (S/A)X 6 A, 214 to 232, 542 to 560; RAIX(F/W/ Y)X 9-10 P X 3 G, 373 to 392, 713 to 733. Leu 504 , Glu 506 , and Arg 713 of E. coli PPC belong to these elements and have been implicated in the fixation of CO 2 onto the enolate form of pyruvate, in binding Mn 2ϩ , and in catalysis, respectively (25) . E. coli PPC is activated by acetyl-CoA (6), whereas this compound did not have any effect on the activity of M. thermautotrophicus PpcA. The archaeal enzyme was relatively insensitive to aspartate, an allosteric inhibitor of the PPCs (5, 21) . At a concentration of 10 mM, aspartate lowered the activity of PpcA by 41%. For the E. coli enzyme, the same degree of inhibition is caused by about 0.2 mM aspartate (55) . Thus, the M. thermautotrophicus enzyme was about 50 times less sensitive to aspartate than the E. coli enzyme. The small PPC from Methanothermus sociabilis is also insensitive to aspartate (47) . This difference between the two classes of enzymes fits the observation that of four aspartate-binding residues of E. coli PPCs (Arg 587 , Lys 773 , Arg 832 , and Asn 881 ) (25) , three are not conserved in the PpcAs. Arg 587 , which also has a catalytic role (24, 25) , is conserved in the PpcAs (Fig. 2) . Asn 881 of E. coli PPC belongs to a carboxy-terminal NTG element (25) . The terminal Gly residue is catalytically active and forms an ion pair with Arg 587 (25) . Aspartate binds to the Asn of the NTG element and prevents the terminal Gly from moving towards the ion-pairing Arg (25) . While the PpcA homologs possess the carboxyl-terminal Gly residue (Fig. 2) , the Asn 881 of the E. coli enzyme was not conserved in these proteins. Lys 773 and Arg 832 of E. coli PPC are also not conserved in the PpcAs. It is rare to find both a PPC and PYC in an organism, and wherever they coexist their activities are regulated differently (reviewed in reference 42). The kinetic properties of the PpcA and PYC from M. thermautotrophicus suggest that these OAAsynthesizing enzymes might be active in the cell under two different sets of conditions. The PYC from this methanogen shows a strong substrate inhibition with ATP and a negative cooperativity towards bicarbonate (42) . Therefore, this enzyme will be more active at low ATP and high bicarbonate concentrations, a state that represents hydrogen limitation, among other things. Because the apparent K m value for bicarbonate of PpcA is 1.8 mM and that of PYC is 6.8 mM (42) the favored activity at low bicarbonate concentrations. It is possible that under biotin limitation a cell will fully or primarily depend on PpcA activity for OAA synthesis, because this organism does not produce holo-PYC if an exogenous source of biotin is not available (42) . Although the PpcA of M. thermautotrophicus was inhibited by NaCl and KCl, the PYC of this organism is greatly stimulated by these salts and shows maximal activity if these are present in the assay at 0.2 and 0.4 M concentrations, respectively (42) . When it is present at a level higher than that of ATP, Mg 2ϩ inhibits PYC (42) , whereas the PpcA activity was not influenced if this ion was present in a large excess over PEP. More precise comparisons of the physiological roles of the PpcA and PYC in a methanogen will require a genetic analysis. Since the Methanosarcina species possess both a PYC (41) and a PpcA homolog (Fig. 2 and Table 2 ) and are amenable to genetic manipulations (36), they offer a better system for such studies. Table 2 summarizes our current knowledge of the OAAsynthesizing activities in the archaea, and the data show a very interesting pattern. A PpcA homolog was found in every methanogen, except Methanocaldococcus jannaschii (4) and Methanococcus maripaludis (accession number BX950229) ( Table  2) ; the genome sequence information for Methanococcoides burtonii is incomplete (48) . It has been shown that cell extracts of Methanococcus maripaludis lack PPC activity (50) . The other archaeal genome sequences that lack PpcA homologs are those of Thermoplasma volcanium (29) , Thermoplasma acidophilum (46) , and Aeropyrum pernix (27) (Table 2) , and these organisms probably rely solely on phosphoenolpyruvate carboxykinase (PCK) for OAA synthesis. Thus, PpcA was widespread in the archael domain (Table 2 ). In contrast, PYC is very much a methanogen enzyme and PCK is probably restricted to the crenarchaeota (Table 2) . A PCK can either be ATP dependent or GTP dependent (34) , and most archaeal enzymes are expected to be GTP dependent ( Table 2 ). The putative ATP-dependent PCK of Aeropyrum pernix (27) is an exception. Methanopyrus kandleri differs from other methanogens in that it lacks a PYC homolog (Table 2) . It also does not possess a PCK (Table 2) . It has been recently proposed that Methanopyrus kandleri uses a carboligase for OAA synthesis (53) . Our analysis suggested that this extremely thermophilic archaeon probably uses a PpcA for this purpose, and a similar situation exists for Archaeoglobus fulgidus and Halobacterium sp. NRC-1 ( Table 2) . Among the crenarchaeota, Pyrobaculum aerophilum (13) presents such an example ( Table 2 ). The unusual catalytic and regulatory properties and structure of PpcA bring new thoughts on the evolution of PPCs (59) . As shown in Fig. 3 , the areas of clear similarities between PpcA and PPCs concern only the catalytic core. It is possible that PPCs evolved from a PpcA through a process that increased the subunit size and generated the structural attributes that are required for the allosteric regulation of activity (5, 21, 24, 25) . It is equally possible that PpcA was derived from a complex PPC through the loss of certain features. A similar benefit could be realized in research aimed towards improving photosynthesis productivities in C3 plants in which the focus has been the introduction of an unregulated PPC (24, 25) . PpcA forms a new topic in archaeal biochemistry and CO 2 sequestration, as well as the primary productivity in the hydrothermal vent environment, where organisms such as Methanopyrus kandleri and Methanocaldococcus jannaschii live (20, 23) and employ two different OAA synthesis routes (Table 2 ) (39) .
